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1 Introduction

1.1 Relevance of dye-sensitized solar cells

In the year 2010 the world’s energy consumption amounted to 524 quadrillion Btu™ (British
thermal unit) and is predicted to increase by 56% within the next three decades as shown in
Fig. 1.' As a result of the extensive use of oil and coal as primary energy resources, the global
concentration of CO, in the air has increased by 40% since the industrialization started in
1750 and is now rising faster than ever before.” Since 1950 the yearly global CO, production
more than tripled. CO, is viewed to be a major cause of global warming, one of the world’s
biggest environmental issues. The predicted energy crisis”* and a growing awareness for
environmental sustainability have brought most of the industrial nations to the understanding

that we must transform our energy system.
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Fig. 1. Development of world energy consumption as predicted by the International Energy Outlook

2013.

Aside from efforts to conserve energy through better insulation of housing, more efficient
electric appliances, and various other methods, the use of renewable energy resources is
regarded as the major instrument to save resources and reduce CO, emission.” Besides wind

energy, solar energy is viewed to have considerable potential as a future energy resource.*® Solar

*524 quadrillion Btu = 156 PWh. Share in 2010’s energy consumption: Asia 38%, North America 22%, Europe
16%.
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energy is omnipresent, limitless, and free of charge. Solar power plants work emission free and
without noise or dust nuisance. Another advantage is that solar power can be produced during
peak load times, which are usually during the day. However, critics say it is not capable of
providing base load power and leads to destabilization of the power grid due to its erratic
output. It is nevertheless already widely used.®® In Germany, solar energies contributed 5.3% to

the total net electric power consumption of 560 TWh in 2013.”

Table 1. Examples of research-cell efficiencies

Front contact P

Technology Efficiency
Opposite Mono-crystalline silicon 25.0%
charge carriers Poly-crystalline silicon 20.4%
Back contact + CdTe 19.6%
CIGS 20.8%
Amorphous silicon 13.4%
GaAs 29.1%

Fig. 2. Schematic view of basic operation Multijunction cells 31.1-44.4%

principle of a photovoltaic device.

Solar cells operate on the basic principle schematically shown in Fig. 2. Upon absorption of
light, charge carriers are generated and subsequently separated within the photovoltaic material.

Extraction of the separated charge carriers to an external circuit then produces electricity.

There are a number of different solar cell types and materials. A detailed overview of the
different cell types and the highest efficiencies achieved on laboratory scale can be seen in figure

A. 1 in the appendix. Examples of the latest research-cell efficiencies are given in Table 1.

The bestknown cell types are probably crystalline silicon cells. Devices of this type reach a
maximum efficiency of 25% on a laboratory scale. Mono- and poly-crystalline solar cell modules
are standard cells used in power plants, in private households, or consumer devices. In order to
reduce the amount of material required for cell production and thereby lower production costs,
thin-film technologies were developed. Thin-film cells like cadmium telluride (CdTe), copper
indium gallium selenide (CIGS), and amorphous silicon (a-Si) yield efficiencies of up to 20%.
Having lower efficiencies than their crystalline counterparts, thin-film cells could not live up to
the expectations. The comparable highest efficiencies have been achieved with gallium arsenide
(GaAs, 29.1%) and multijunction cells (31.1-44.4%). Despite their high efficiencies those
devices have two major drawbacks: They are made of highly toxic materials and have a very

limited availability.
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In summary, semiconductor-based solar cells are highly efficient and are already being used in
industry. However, they are not environmental friendly. The production of high efficiency cells
is costly, energy consuming, and requires clean-room technologies, while cells that are produced
with simple processes are considerably less efficient. Another shortcoming is that toxic

semiconductor materials have to be used.

Organic photovoltaics (OPV) using metal-containing and metal-free organic dyes have emerged
as an alternative technology. The so-called dye-sensitized solar cells (DSSCs) are of interest
because they are relatively cheap to produce and open a new field of applications. No special
technologies are needed and the materials are widely available. DSSCs can be produced on
flexible materials, thus potentially enabling large-scale industrial role-to-role production
processes. Their efficiencies depend less on the angle, and intensity of the incident light and
they can be produced on rigid and flexible materials and in various colors. This means, instead
of putting the panels on top of buildings in a certain angle they can be vertically integrated into
buildings as windows, for example. The efficiencies of DSSCs are little affected by cloudy
conditions or less intensive light irradiation in the evening hours. Flexible cells can be
integrated in consumer goods as clothing or bags to charge and power electronic devices.
Organic photovoltaics are able to open up a variety of novel fields and applications and shall

play an important part in the production of energy in the 21* century.
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Fig. 3. Schematic representation of the working principle of a DSSC.{Hagfeldt:2010df} TCO =

transparent conductive oxide, CE = counter electrode, Pt = platinum.
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1.2 General working principle

The principle setup of a DSSC device is shown in Fig. 3." It consists of a transparent
photoanode, a dye that is adsorbed onto the photoanode, a counter electrode (CE), and an
electrolyte in between the electrodes. The photoanode is made of a nanoscopic mesoporous
semiconductor, e.g. TiO,, ZnO, or SnO that is deposited on a transparent conductive glass
substrate (TCO). The dye is adsorbed via suitable anchoring groups to the semiconductor
material. The counter electrode is made of a transparent conductive glass (TCO). In order to
overcome the inherent high charge resistance of TCO substrates, a catalytic layer of a highly
conductive material like platinum (Pt), carbon materials (e.g. carbon black), conducting
polymers (e.g. PEDOT), or cobalt sulfide is deposited onto them. The cell is filled with an

electrolyte containing a redox mediator, mostly the I /I;~ redox couple.
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Fig. 4. Basic reactions in a DSSC (the loss reactions L1-L3 are drawn with dashed pink arrows).

1912 that take place in a DSSC are illustrated in Fig. 4. Excitation of the dye

The basic processes
by absorption of light leads to the elevation of an electron to the lowest unoccupied molecule
orbital (LUMO) of the dye. From there, charge separation of the photo-excited electron occurs
by the injection from the excited dye into the conduction band (CB) of the semiconductor (SC)

at an ultrafast rate leaving oxidized dye molecules. Electron injection will only take place if the

energy level of the LUMO is above the Fermi level of the SC, i.e., of higher energy than the CB.

Upon injection the electrons diffuse through the interconnected nanocrystals of the
mesoporous semiconductor film to the photoanode and the redox mediator in the electrolyte
regenerates the oxidized dye molecules to their ground state. lodide, which is standardly used as

electron donator, is thereby oxidized to triiodide. The regenerative redox reaction is only
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possible if the energy level of the highest occupied molecular orbital (HOMO) of the dye is

lower than the redox potential of the redox mediator. When the I" /I; redox couple is used,

the HOMO of the dye should be at potentials more positive than +0.4 V vs. NHE.

Once the electrons diffuse through the semiconductor and reach the conducting TCO
material, a photocurrent will be detected in the external circuit. The electrons travel through
the external load to the counter electrode where they enter the internal circuit again and

regenerate the oxidized redox mediator (e.g. reduce triiodide to iodide).

There are three loss reactions that decrease the efficiency of a DSSC. They are marked as L1-L3
in Fig. 4. The first (L1) is the direct decay of an excited molecule to the ground state before
injection of an electron into the SC takes place. The second loss reaction (L2) is a reduction,
where an excited dye molecule reacts with an oxidant species in the electrolyte. The third
possibility is the loss of an electron from the semiconductor surface and its recombination with
an oxidized dye (L3). As all loss reactions decrease the total current generation, the unwanted

processes have to be kept as low as possible by chemical and technical engineering.
The performance of a solar cell is most commonly characterized by three parameters:

1. the overall solar energy-to-electrical energy conversion efficiency (7, ‘efficiency’) under
sunlight illumination,

2. the fill factor (FF), and

3. the wavelength-dependent incident photon to current conversion efficiency (IPCE).

The parameters can be calculated from the short circuit current density Jsc and the open circuit
potential V. of the device, which are measured under sunlight illumination. A sample J/V

curve, from which Jscand Vo are deducted, is given in Fig. 5.

The short circuit current density is the maximum current output of the cell and measured at
the point where the net voltage is zero. Its height is determined by the efficiency of the electron
injection into the conducting band of the semiconductor and the collection efficiency at the
photoanode. Similarly, the open circuit potential is the maximum voltage available from the
cell measured at the point where the net current is zero. It is defined by the potential difference
between the Fermi level in the semiconductor and the redox potential of the redox mediator.

The product of Jc and Vi defines the theoretically possible maximum power P, of a cell. The
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actual maximum power P, of the cell is the product of photovoltage Vy» and photocurrent Jyp

at the voltage where the power output is maximal as shown in Fig. 5.

Maximum Power
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V.vp \ / oc

. i i \ -
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Fig. 5 J/V curve of a DSSC showing the positions of the short circuit current density Jsc, the open

circuit potential V¢, and the maximum power for a high power and a low power device.

The efficiency of a solar cell is determined from Jsc and V¢ according to Equation 1.

=]sc'Voc'FF= Prax Eq. 1
Pin Pin

P, is the intensity of the incoming light. FF can adopt values between 0 and 1 and is defined by
the ratio between the maximum power (P,,) of the cell and the product of Js¢ * Vpc as

expressed by Equation 2. Graphically, FF can be described as the largest possible rectangle that
can be fitted under the J/V curve (see Fig. 6)

Area B =J,.*V,.

Current
(=]
o
z
Current,

Area A is smaller for a lower FF

Phax

Voltage Voltage
9 Vo g V,

3 : " —— J/V curve - high power cell
FF = [y * Vise)/ (Yo * Vi)

Q
a

=area A/area B

Fig. 6. ]/V curves of DSSCs with high power output (left graph) and low power output (dashed line in
graph on the right), respectively. Illustration of the determination of the FF as the largest possible

rectangle that fits below the J/V curve of a photovoltaic device.
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FF_]MP'VMP _ Prax Eq.2

~Jsc Voo Pearc

The fill factor FF is an important parameter for the evaluation of a solar cell as it describes cells
with the same Ji. and V¢ but with different power production. Efficient solar cells have fill
factors higher than 0.7. Low fill factors can be attributed to losses due to high resistance and

recombination.

The third measure, the IPCE, expresses the external quantum efficiency. This is the external
photocurrent density measured in the external circuit of the cell under monochromatic
illumination at different wavelengths divided by the incoming photon flux (#). The IPCE can
be calculated as described in Equation 3.

Jsc)  Jse()[Acm™?] Eq.3

IPCEQ) =700 = AnmlPom(DWem=2]

with e as the elementary charge.
1.3 Dye development

1.3.1 Challenge

DSSC devices employ a dye that generates electric power when excited by sunlight. Clearly, dyes

play an important role for the performance of DSSCs.

In 1991 first high-performance ruthenium dye was published by Gritzel and co-workers.” The
structure of the reported ruthenium(II)polypyridil complex named N3 shown in Fig. 7. The

complex yielded 10% efficiency when applied in a DSSC device on laboratory scale.

N3 R=H N749 “Black Dye" €101 X=C6H13
N719 R=N*(n-Bu),

Fig. 7. Structure of ruthenium dyes used as gold standards.'*'®
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The complex resembles the structural features of typical metal complexes used in DSSCs:

* the bipyridine moiety with carboxylic acid groups that serves as an anchoring group and
* the bipyridine moiety with the electron rich thiocyanate (SCN) ligand that serves as

light harvesting donor unit.

Despite intensive research, no dye has been published yet that significantly exceeds the 10%
efficiency threshold on laboratory scale. The most efficient dyes reach values of around 10-12%.
The benchmark dyes are N719 (7 =11.2%) and N749 (often referred to as “black dye”)
(n = 10.4%) as well as C101 (5 = 11.4 %)."*'°

Because scaling up of the DSSC devices from laboratory to commercially competitive scale will
surely include high losses in performance, the current efficiency values of the DSSCs have yet

to be improved.

The main challenges here are the relatively narrow window of the absorption spectrum of the
dye (AXL = 350 nm, see Fig. 8)'" as well as its stability and electrochemical features like energy
levels, internal charge separation, and regenerability after electron injection into the

semiconductor.
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Fig. 8. Comparison of the absorption spectrua of ruthenium(ID)trisbipyridine dichloride (orange line)

and N3 dye (red line) and the solar spectrum.

1.3.2 Trends

Since the discovery of the first powerful dyes, i.e., N3, N719, and “black dye” N749, many
groups have worked on inventing new dyes that improve the performance of a DSSC. The
development of new ruthenium-based dyes is thus strongly geared to these benchmark dyes.
There are two main strategies. The first being is to substitute one of the anchoring ligands with

an electron rich donor ligand. Another approach is to exchange the SCN moieties with another
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donor moiety. The goal of both strategies is to extend the absorption spectra of the dyes using

different electron rich, extended aromatic or T-conjugated substituents as donors.

As DSSCs are formed by a combination of materials, the performance of the cell is affected by
multiple influences, for example, cell size, composition of the electrolyte, and the
manufacturing method of the cell. Therefor, their efficiencies which are measured with
different cells using the same dye, usually vary a lot. The aforementioned benchmark dyes are
generally used as references and in the following overview available reference efficiency values

will be stated for comparison.
SCN-containing dyes

An example for the implementation of the first strategy is the high efficiency dye C101 (Fig. 7).
Here, two of the carboxylic anchors of the bipyridine ligand are substituted with electron rich
thiophene donor ligands. In addition to that, alkyl chains were added to make the complex
more hydrophobic and shield the underlying TiO, layer against water from the electrolyte. This
set-up prevents dye leaching from the SC surface and reduces recombination reactions with the
redox mediator by enhancing charge separation.'®* Other dyes, like K-19*' and MC101**, both
shown in Fig. 10, follow the same approach. The introduction of the phenylgroup in K-19 and
MC101 led to a red shift of the MLTC absorption with a higher exctinction coefficient. The
electron-donating alkoxy group in K-19 suppressed recombination losses, the alkoxy chains
increased the thermal stability of the dye.*"” Therefore, the dye K-19 slightly outperformed
N719 (K-19: 5 = 7.0%, N719: = 6.7%). MC101 also showed excellent absorption properties, a
high extinction coefficient, and increased thermal stability. However, due to lower LUMO
values its Vo was decreased, resulting in lower efficiencies than the reference dye (MC101:
7 =4.42%, N719: 5 = 5.84%). The dye IJ-1** (Fig. 10) is an example for “donor-acceptor” type
of dyes. Their set-up is inspired by metal-free organic dyes, in which the donor and the acceptor
moiety is connected via a T-conjugated bridge. The triphenylamine group functions as donor
and the double bond acts as Tbridge to the ruthenium core, which serves as the acceptor. The
dye also displayed good absorption properties with high extinction coefficients as well as

decreased recombination tendencies compared to N719, which is reflected by its high efficiency

( = 10.3%).2*

9
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SCN containing dyes

a) bpy donor ligand

COOH HOOG
HoOC -
|
/N/,, '
/' oH seN” [N
seN” [N o e
SCN
K-19 mMC101
7.0 % (N719: 6.7%) 4.42 % (N719: 5.84 %) 10.3 %
b) 1,10-phenantroline donor ligand c) dipyridylamine donor ligand
type A type B
CeH1a
COOH
HooC HOOC HoocC -
N/
/ L / LN / Lo
) -Ru
SCN seN” [N scN™ |
SCN SCN
JF-5 JJ 99
X=H, Z=NH3, NO, 9.5% (N3: 8.8%) 8.76% (N719: 8.19%)

Fig. 9. Structures of recently published alternatives to the ruthenium standard dyes that contain

SCN.** The given values refer to the efficiency # of the cell.

Besides simply exchanging the carboxylic acids of the bipyridine anchor ligand, researchers have
substituted the whole bipyridine ligand with 1,10-phenanthroline-based and dipyridylamine-
based donor ligands.”” However, the electron rich substituents that lead to successful donor
ligands remain the same, and they include highly conjugated thiophene and triphenylamine

systems that are optionally equipped with alkylchains.

Interestingly, 1,10-phen derivatives of the general structure type A shown in Fig. 9 had very low
efficiencies ranging from 7 =06.7-0.1% (N719: 5 =8.8-3-6%). This was due to high
recombination rates and weak MLTC transitions. Carbazole-functionalized phenanthrenyl-
based donor ligands denoted type B in Fig. 9 have shown better cell performance. The
carbazole unit raised the chargeseparation time scale, hence reducing recombination losses.
These types of complexes also led to high V¢ values. In combination with an intense MLTC
and optimized adsorption behavior the dye JF-5% (Fig. 9) showed better power conversion
efficiency than N3 (JE-5: 7 = 9.5%, N3: 5 = 8.8%). J]99, a dipyridylamine-based complex, also
employs alkyl-thiophene substituents for successful light harvesting. Due to its broadened
absorption spectra in the near infrared region, it slightly outperformed N719 (JJ99: 5 = 8.76%,
N719: 5 = 8.19%).”

10
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SCN free dyes

COOH
@
HOOC S «COOH
‘ |
N~
/N\F\"u/ FES
?‘—N/ | N R=]l )—CeHis
N o
F4C = -~ —CF3 o)
« | L
R
Ru(dFppy)(dcbpy),]*PFe- FT61 3
[Ru(dFppy)(debpy),I"PFg 5.5% (N719: 5.6%) 10.7% (N749: 9.22%)

10.1 % (N719: 10.0%)

Fig. 10. Standard dyes and recently published alternatives without SCN.*™*

SCN-free dyes

The second approach is to exchange the SCN moieties. It is based on the finding that these are
the weakest part of the structure as they are easily substituted by components of the electrolyte
in the cell, which decreases the overall performance.”® This approach is partially delicate

because the SCN ligands are unique donors that cause strong charge transfers from the ligand

to the metal center (MLCT) at a high wavelength (A = 550 nm).

Alternative complexes featuring donor ligands, e.g., substituted cyclometalates or trileptic
ligands, are shown in Fig. 10. Despite their excellent optical features even in the near infrared
region (NIR) of the solar spectrum, the majority of these complexes have not been able to

exceed the performance of the benchmark dyes. An exception are fluorine substituted

complexes, like [Ru(dFppy)(dcbpy),]+PF¢ (7 = 10.1 %, N719: = 10.0%), where the fluorine

52 thus leading to

moiety seems to allow more efficient electron injection and dye regeneration,
higher efficiencies. The fluorine moiety stabilizes the Ru(IIl) oxidation state because it decreases
the electron-donating character of the cyclometalate ligand as well as its Lewis basicity., which
facilitates dye regeneration and efficient electron injection.” Introducing a methoxy substituent
into the cyclometalated ligand as in FT61 (Fig. 10) has also been beneficial ( = 5.5 %, N719:
7 = 5.6%).”® The dye FT61 showed high panchromatic sensitization with high IPCE values up
to 900 nm (IPCE at 800 nm = 55%, IPCE at 900 nm = 25%), whereas the reference N719
showed a sharp drop of IPCE values after 700 nm (IPCE at 800 nm = 5%, IPCE at 900 nm =
0%). Another thiocyanate-free dye with panchromatic sensitization characteristics was TF-3.
The bis-tridentate complex showed higher stability and Js- values as well as lower charge

recombination rates than the ‘black dye’ N749, hence outperforming it (7 = 10.7 %, N749:
n=9.22%)."

11
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Modified anchor ligands

C101 analog N3 analog

CoH1g

BTC-2
(9.1%, N719: 7.8%)

Fig. 11. Structures of new ruthenium-based complexes with modified anchor ligands. The numbers refer

. -
to the efficiency 1.°'*

In addition to these two main approaches another strategy is also pursued where the anchoring
ligands are modified. Motives that are often employed are the insertion of thiophene between
the carboxylic anchor and the bipyridine ligand or the use of phenanthroline derivates instead
of bipyridines as anchoring ligands. These types of anchoring ligands did often show decreased
electron injection properties or weak adsorption, which resulted in low efficiencies.””" Two
more successful examples are complexes K8 and BTC-2 as shown in Fig. 11.>*" As both are
closely related to the gold standards N3 and C101, their good performance underlines the

benefit of introducing alkyl chains, mbridges, and thiophene moieties into the complex.

Dyes with other metals

Besides ruthenium-centered metal dyes other metal complexes have been investigated with
respect to their applicability as sensitizers in DSSCs, in particular metals comprising osmium,**
copper,” nickel,’® and platinum.’™ Nickel as well as platinum complexes have attracted special
interest, as they are potentially able to harvest sunlight far into the NIR.*' The first to succeed
in implementing platinum complexes in a DSSC device were Saguhira and co-workers in
2001.”7 Here, the diimino-dithiolate complex Pt(dcbpy)(qdt) (Fig. 12) was the most efficient
sensitizer (Jic = 7.0 mA/cm?, Vo = 0.6 V, FF = 0.77, # = 3.0 %, no reference values given).
Similar complexes were prepared by Robertson and co-workers.”®” Due to aggregation of the

dyes and high recombination rates, however, the efficiencies remained well below the threshold

of the ruthenium-centered standard dyes. Additionally, the complex had only weak absorption

in the NIR.

12
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Dyes with other metals

HOOC COOH

HOOC COOH
0s(H,L),(NCS), [Cu(1),] M = Pt: Pt(dcbpy)(qdt)
H,L" is 4,4'-dicarboxylic acid-2,2"-bipyridine (1.9%, N719: 9.7%) (3.0 %)
M = Ni: Ni(dcbpy)(qdt)
(0.084 %)

no efficiency value reported

Fig. 12. Examples for alternative metal complexes and metal free organic dyes applicable in DSSC

. 34.
devices.**”’

Besides platinum complexes Robertson and co-workers also prepared the heteroleptic nickel
complex Ni(dcbpy)(qdt) as shown in Fig. 12.°° The dyes had appropriate redox potentials and
sufficient charge-separated lifetime, but low extinction coefficients and no NIR absorption. A
working solar cell device could be built using that sensitizer. Disappointingly, since the
obtained photocurrent was low and the efficiency did not exceed 0.084%. because of low
injection rates. The same results were observed using complex Pt(dcbpy)(qdt). The results for
both asymmetric nickel and platinum diimino-thiolates suggested that the efficiency could be
improved by extending the spectral absorption range and adjusting of the electrochemical

properties by using alternative types of ligands.

AN
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4 ¢ °

Indolin (D149)

Fig. 13. Organic dyes TAA = triarylamine,'? indoline (D149),* and SQ2 = squaraine.”

MetalAfree dyes
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Due to their often excellent light harvesting properties, metal free organic dyes are very
interesting as sensitizers in DSSCs.** Some successful examples comprise: triarylamines,
indolines, and squaraines. They stand out for their high extinction coefficients and broad
absorption spectra. The best cells sensitized with metal free dyes reached efficiency values
between 7-9%. Drawbacks remain, because the performance is still impaired by low IPCE, Vi,
4

and Jic values. In addition, they are sensitive to oxidation and thus suffer from stability issues.*

Examples for successful metal free dyes are given in Fig. 13.

1.3.3 Role of the dye and design principles

Based on the known complexes, some structurefunction relationships with respect to the
performance of ruthenium type sensitizers may be concluded. The most relevant properties of

the dye affecting the cell performance are:

* Tight and quantitative adsorption onto the semiconductor surface,
*  Quick and effective electron injection into the semiconductor, and

* Strong absorption over a wide wavelength range.

While anchor ligands influence the adsorption and the electron injection properties of the dye,

donor ligands affect its absorption behavior.

The dyes are adsorbed onto the semiconductor surface via appropriate anchoring groups. While
carboxylic acid is most commonly used as anchor other groups like phosphonates, sulfates, and
nitrates are also possible. It is assumed, that phosphonates are especially suitable for the acid
labile ZnO surface. The amount of anchoring groups in a dye affects the adsorption behavior of
the dye as well as the photo voltage of the cell. Complexes with four anchoring groups are
favorable, first of all because they enable strong adsorption and second because experiments
have shown that this leads to an increase of the photovoltage in comparison to complexes with

only two anchoring groups.'

In addition, the nature of the anchoring groups influences the height of the photocurrent and
voltage as well as the electron injection. The higher the level of protonation, the higher the
photocurrent, the quicker the injection but also the lower the photo voltage. In pH-dependent
experiments where the effect of the deprotonation of N3 on the performance was tested, the
doubly protonated, i.e., doubly deprotonated complex N719 performed better. Hence,
heteroleptic complexes with four partly deprotonated anchoring groups have the best balance of

features and requirements. The counterions that stabilize the deprotonated anchoring group
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Dye development

should be as big as possible to prevent its diffusion to the semiconductor surface, which would
make the surface more positive and thus decrease the photovoltage. The counterion most

commonly used is tetrabutylammonium.

In order to ensure a strong and broad absorption, electron-rich, extended Tsystems are often
used. As described in Chapter 1.3.2, no general guidelines can be formulated here. A wide
variety of donor ligands has been published. The most successful ligands range from the

approved thiocyanate to thiophene or phenyl substituted bipyridines and cyclometalates.



2 Scientific Goals

The goal of this work was to design, synthesize, and characterize new dyes for the application as
sensitizer in dye-sensitized solar cells. The aim was to find dyes that lead to an increase of cell

efficiency. The approach and envisioned target molecules are described in the following.

The approach for improvement of the overall cell performance was to target the absorption
properties of the dye. The goal was to develop dyes with high extinction coefficients and
absorption maxima at long wavelengths of the solar spectrum, in particular, to develop ligands

for ruthenium complexes and on the synthesize transition metal complexes.
Ruthenium dyes
Donor ligands

The strategy for the ligand design of the ruthenium complexes is based on the principles
presented in Chapter 1.3.3. In order to increase the stability and enhance the adsorption
properties of the dye, SCN free complexes carrying two anchor ligands and one donor ligand as
sketched in Fig. 14 will be favored. With this design a strong attachment to the semiconductor

should be ensured.
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Fig. 14. Scheme of basic ruthenium complex.

The SCN donor ligand was to be substituted with a bipyridine (bpy) that is equipped with
extended T-conjugated substituents. The target structures are displayed in Fig. 15. It is assumed,
that the substitution of the SCN groups would enhance the long-term stability of the dye. In
order to gain the desired light harvesting properties, the bipyridine donor ligand was to be
functionalized with electron-rich extended 1 systems. Therefore, the use of triphenylamine and
indoline derivates was to be investigated. These moieties are known as building blocks in metal

free dyes with high extinction coefficients between 45:10° M'em™ and 70-10° M'em™. Having
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Dye development

low HOMO levels they are excellent donor groups® and have been successfully implemented in
metal free DSSC devices with efficiencies up to 9.5%.'*% Besides the aromatic system, one of
the ligands was to be substituted with a hydrophobic alkyl chain, that, when attached to the
semiconductor should protect the surface from water.”*’ Additionally, the alkyl chains should
prevent T-stacking of the molecules. The Tstacking can lead to aggregation of the molecules,

which in turn lowers the efficiency of the dye.'*"*

Anchor: COOH, PO3H,

R: H, Cg-Alkylchain N

Fig. 15. Structures of the target ruthenium dyes.

Anchor ligands

Two different anchoring groups were to be examined to optimize the anchoring properties on
different semiconductor materials. Carboxylic anchored dyes were to be prepared for
application in TiO, based DSSCs. Their phosphonate-anchored analogs were envisaged for the
application in ZnO based devices. Two of the four anchoring groups were to be deprotonated
to maintain a neutral complex, so that the dye should have an optimal balance between the

possible photo voltage and current as described in Chapter 1.3.3.
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Scientific Goals

Group 10 metal dyes

Transition metal complexes with nickel and platinum metal centers will be synthesized because
these types of complexes are known to have high extinction coefficients and, depending on the

choice of ligands, absorption in the near infrared region (NIR).

for example
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Fig. 16. Basic structures of the targeted NIR transition metal complexes as well as two sample structures.

The projected NIR active complexes were to have nickel or palladium metal centers. While
both nickel- and palladium are known to form nickel stable (di)imine complexes, nickel has the

advantage of it being cheap and readily available.**'

The choice of ligands is of major importance, because they significantly affect the electronic

properties of the complex. The challenge will be to make complexes that meet the energetic

requirements of a DSSC, i.e. have the correct HOMO and LUMO levels.

As displayed in Fig. 16, diimino-semichinonates (X = N) and imino-semichinonates (X = N,O)
were chosen as possible ligands. Those ligands were to be equipped with suitable anchor ligands
and, in order to adjust the electronic properties, different electron-withdrawing and -donating

substituents.

The dyes were to be synthesized following modified literature procedures and analyzed using
standard optical and electrochemical methods. Within the electrochemical characterization a

pretest to evaluate the applicability of the dyes in DSSCs before measurements in real cells is to

be established.
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3 Results and Discussion

3.1 SCN free vs. SCN containing ruthenium dyes for TiO, based dye
sensitized solar cells
This chapter was published in:

K. Neuthe, H. Brandt, A. Hinsch, C. Tzschucke, W. Veurman, B. Ziem, R. Haag*,
ChemElectroChem 2014, 1, 1656-1661

http://dx.doi.ore/10.1002/celc.201402078
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Author contributions:

*  Complex design

* Synthesis of ligand TPA

* Synthesis of all complexes

*  UV/Vis and fluorescence measurements in solution

*  Cyclic voltammetry measurements of all complexes

e HOMO/LUMO determination

* Development of a simple model for pre-evaluation of dyes regarding their applicability

* Preparation of the manuscript
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3.2 Phosphonic acid anchored ruthenium complexes for ZnO-based Dye-
Sensitized Solar Cells
This chapter was published in:

K. Neuthe*, F. Bittner, F. Stiemke, B. Ziem, J. Du, M. Zellner, M. Wark, T. Schubert, R. Haag.
Dyes and Pigments 2014, 104, 24-33.

http://dx.doi.ore/10.1016/i.dyepie.2013.12.018
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Author contributions:

* Complex design with phosphonate anchors

* Synthesis of complex 3 and its ligand

e  UV/Vis and fluorescence measurements in solution and on ZnQO surfaces
*  Cyclic voltammetry measurements of all complexes

e HOMO/LUMO determination

* Development of a simple model for pre-evaluation of dyes regarding their applicability

in DSSCs

* Preparation of the manuscript
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3.3 Simple NIR complexes and their applicability in dye-sensitized solar cells

This chapter was published in:

Authors: K. Neuthe, C. Popeney*, K. Bialecka, A. Hinsch, A. Sokolowski, W. Veurmann, R.
Haag; Polyhedron 2014, 81, 583-587.

http://dx.doi.ore/10.1016/i.poly.2014.07.015
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Author contribution:

= Synthesis and design of NIR ligands and complex Ni-Prop based on HOMO/LUMO
estimation

= Supervision of Anja Sokolowski working on optimization of ligand synthesis and
complex formation of NIR complex Ni-Prop

»  Cyclic voltammetry measurements of all dyes

= HOMO/LUMO determination

= Preparation of DSSC devices and recording of ]/V curves under sunlight illumination

»  Preparation of the manuscript
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4 Summary and conclusion

This work examines new metal-based complexes as dyes for application in dye-sensitized solar
cells. The dyes were designed and synthesized to enhance the efficiency of DSSC devices. In
general, the strategy was to extend the absorption range of the dyes currently used. Therefore
ruthenium dyes with varying extended T-conjugated donor systems and near-infrared absorbing
group 10 metal complexes were synthesized. Furthermore, two anchoring systems for the
adsorption of the dyes onto different semiconductor materials were investigated. Carboxylate

anchors were used for TiO, based devices. Phosphonate anchors were examined regarding their

applicability on ZnO based DSSC devices.

To extend the absorption range of ruthenium complexes, donor ligands were systematically
changed and evaluated with respect to their optical and electrochemical properties. Ligands
were altered with respect to the degree of their Tconjugation and hydrophobic character. In
addition to the donor ligands, the ratio of the donor and anchor ligands was varied. Extension
of the Tconjugation of the donor ligand led to a shift of the absorption maximum to longer
wavelengths and to an increase of the extinction coefficient. Changing the hydrophobic
character of the ligand had no significant impact on the absorption maximum and extinction
coefficient of the metal to ligand charge transfer transition of the dye. Dyes that carried one
anchor ligand, a thiocyanate (SCN) donor moiety, and one extended donor ligand showed a
broadening of the absorption and an increase of the extinction coefficient in comparison to
SCN-free dyes that carried two anchors. Likewise, SCN-containing dyes with an extended, m-
conjugated donor ligand lowered the LUMO level of the complexes. The anchor-to-ligand ratio
of the dye did not affect the adsorption onto the TiO, surface, but the size of the donor ligand
did. Introduction of an alkyl substituted donor ligand led to a reduced adsorption of the
complex on the TiO, surface. Whereas the complex carrying the most extended donor ligand
formed aggregates. All dyes were tested in TiO, based DSSCs. The efficiency of the cells was
mainly affected by the adsorption behavior of the dyes rather than their absorption and
electrochemical properties. The SCN-containing complex with the less substituted or extended

donor outperformed the other dyes.

Carboxylates are commonly applied anchor systems in TiO, based DSSCs. They are, however,
detrimental for ZnO based devices as they dissolve the surface. Hence, new ruthenium

complexes carrying phosphonate anchor groups were prepared to test their applicability. For
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comparison, dye analogs with carboxylate anchor groups were also prepared. Unexpectedly, the
efficiency of cells studied with phosphonate-anchored dyes was inferior to those tested with
their carboxylic anchored equivalents. This finding could only be partially attributed to the
anchot’s adsorption behavior on ZnO. One of the main conclusions that could be drawn from

this study is that the distance of the LUMO level of the dye to the conducting band of ZnO had

a bigger impact on the efficiency of the cell than the adsorption and absorption properties.

In order to cover the near-infrared region of the solar spectrum with DSSCs, symmetric NIR-
absorbing nickel diiminosemibenzoquinoate and palladium iminosemibenzoquinonate
complexes were synthesized and tested in TiO, based DSSCs. Different electron-withdrawing
ligands that affected the energy levels of the dyes were incorporated. However, no correlation
between the strength of the electron-withdrawing group and the energy levels was identified. Of
all the dyes synthesized, two dyes were successfully applied in prototypical photovoltaic devices
using an ionic liquid based electrolyte. They yielded photoconversion efficiency values between
0.21 and 0.35%. We found that the performance of the NIR dyes tested can be improved by
increasing their adsorption behavior on TiO, and the tolerance of the complexes towards the

iodide containing redox mediator that is used in the DSSC electrolyte.
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5 Outlook

Renewable energy like water, wind, and solar energy has to play a major role in a global answer
how to meet the rising energy demand of a growing population. Solar energy should play an
important part as it is ubiquitous, free, and can be produced locally. Dye-sensitized solar cells
are of special interest as they are theoretically cheaper in production than other photovoltaic
technologies and more versatile in their application. For a broad employment of DSSCs in the
future energy supply, advances in the fundamental knowledge of the underlying processes have
to be gained and implemented. Being able to harvest light from the entire solar spectrum would
lead to more efficient DSSC devices. However, even dyes with broad absorption from the
UV/Vis to the NIR region usually have low IPCE values at long wavelengths. This observation
indicates there is only weak contribution to the photocurrent from this region. Thus, instead of
trying to design and use a single panchromatic or solar matched sensitizer, a combination of
different dyes in one device should be pursued. One of the established ruthenium dyes should
cover the absorption range of 300-600 nm. A coadsorbed NIR dye should ensure efficient light
harvesting at longer wavelengths. Group 10 metal dyes are potential candidates to cover the
NIR region. Improvements have yet to made concerning anchoring of the dyes and their energy
levels. The synthesis of ruthenium and NIR dyes has to be improved in terms of yields and scale
in order to establish continuous syntheses using reactors and ensure cheap production. It is
important to gain further insights on the loss reactions in DSSCs and how they can be avoided
with the right electrolyte. Furthermore, finding alternative redox-mediators and solvents will

increase the maximum V¢ and increase the stability of the dye.
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6 Zusammenfassung

Im Rahmen der Arbeit wurden neue Farbstoffe fiir die Anwendung in farbstoffsensibilisierten
Solarzellen (FSZ) entworfen, hergestellt und charakterisiert. Ziel war es dabei Farbstoffe zu
erhalten, die dazu beitragen die Effizienz von FSZ zu erhohen. Dies sollte mit Farbstoffen
erreicht werden, deren Absorptionsmaxima im langwelligen Bereich des Sonnenspektrums
liegen, so dass der spektrale Nutzungsbereich der Solarzelle erweitert wird. Der Fokus lag dabei
auf der Entwicklung neuer Liganden fiir Ruthenium-Farbstoffe sowie neuer
Ubergangsmetallkomplexe, die dafiir bekannt sind, Sonnenlicht im infrarotnahen Bereich zu
absorbieren. Zusitzlich wurden zwei Ankersysteme fiir die Adsorption der Farbstoffe auf
unterschiedlichen Halbleitermaterialien untersucht. Carbonsiurebasierte Anker wurden fiir
TiO, basierte FSZ verwendet, phosphonsiurebasierte Anker wurden hinsichtlich ihrer Eignung

fiir die Anwendung in ZnO-basierten FSZ untersucht.

Die Komplexe wurden zuniichst nach teilweise literaturbekannten Methoden hergestellt und
massenspektrometrisch sowie NMR-spektroskopisch charakterisiert. Zur Beurteilung der
Eignung fir die Anwendung in FSZ wurden die hergestellten Komplexe im Anschluss mit
UV/Vis- und Fluoreszenzspektroskopie sowie elektrochemischen Methoden untersucht. Zu den
elektrochemischen Methoden zihlen sowohl die Cyclovoltammetrie an Platinelektroden als

auch Anwendungstests in Farbstoffsolarzellen.

Zur Einstellung der gewilinschten Absorptionseigenschaften wurden die Donorliganden
heteroleptischer, thiocyanathaltiger und freier Ruthenium(Il)komplexe systematisch variiert.
Die Liganden wurden hinsichtlich ihrer hydrophoben Eigenschaften und der Ausdehnung
ihres Systems modifiziert. Die Farbstoffe variierten auflerdem hinsichtlich des Verhiltnisses
von Anker- und Donorliganden. Die Erweiterung der m-Konjugation der Liganden fiithrte zu
einer Verschiebung des Absorptionsmaximums der Komplexe zu Bereichen hoherer
Wellenlinge und zu einer Erhéhung des Extinktionskoeffizienten. Farbstoffe mit einer
Ankergruppe, einer Thiocyanat-Donorgruppe und einem erweiterten Donorliganden zeigten
eine Verbreiterung der Absorption und einen grofleren Extinktionskoeffizienten als
thiocyanatfreie Farbstoffe mit zwei Ankergruppen und einem erweiterten Donorliganden. Bei
thiocyanathaltigen Farbstoffen, die mit erweiterten T-Systemen substitutiert wurden, konnte
zudem eine Verringerung der Energie des niedrigsten unbesetzten Molekiilorbitals (LUMO)

beobachtet werden. Im Gegensatz zur Gréfle des Donorliganden hatte das Anker-zu-Donor-
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Verhiltnis keinen signifikaten Einfluss auf die Adsorption der Farbstoffe an TiO,. Die
Einfihrung eines Alkylsubstiutenten verringerte die Adsorption, wihrend der Komplex mit

dem ausgedehntesten TSystem Aggregate auf der Halbleiteroberfliche bildete.

Alle Farbstoffe wurden in TiO, basierten FSZ getestet. Die Effizienz der Zellen wurde dabei im
groferen Mal von der Adsorption der Farbstoffe als von deren Absorptions- und
elektrochemischen Eigenschaften beeinflusst. Die hochste Effizienz wurde mit einem

thiocyanathaltigem Farbstoff mit nur gering ausgedehntem T-System gemessen.

Zur Verankerung der Farbstoffe auf TiOj basierten FSZ werden gewohnlich Carbonsiuren
verwendet. In ZnO-basierten FZO kénnen diese Anker allerdings zu einer Auflosung der ZnO-
Oberfliche fithren. Es wurden daher Rutheniumkomplexe mit Phosphonat- und
Carbonsiureankern hergestellt und hinsichtlich ihrer Eignung verglichen. Anders als
angenommen wurde gezeigt, dass Phosphonate als Anker fiir ZnO den Carboxylatankern nicht
tiberlegen ist. Dieser Fund konnte allerdings nur teilweise dem Adsorptionsverhalten
zugeschrieben werden. Es wurde ermittelt, dass ein Zusammenhang zwischen dem
Wirkungsgrad der Zelle, d.h. der Leistung des Komplexes und dem Abstand des LUMOs des
Farbstoffes vom Leitungsband von ZnO besteht. Dieser Abstand hatte einen grofleren Einfluss

auf die Effizienz der FSZ als die Absorptions- und Adsorptionseigenschaften der Farbstoffe.

Fur die Abdeckung des nahen Infrarotbereichs des Sonnenspektrum mit FSZ wurden
symmetrische Nickel(I)- und Palladium(II)-(Di)iminosemichinonate hergestellt und in TiO,
basierten FSZ getestet. Verschiedene elektronenziehende Substituenten, welche die
Energieniveaus der Farbstoffe beeinflussten, wurden integriert. Es konnte kein Zusammenhang
zwischen der Stirke des elektronenziehenden Substituenten und der Lage des Energieniveaus
festgestellt werden. Zwei der hergestellten Farbstoffe wurden erfolgreich in einfachen FSZ
eingesetzt. Sie erreichten Effizienzen von 0.21 und 0.35%. Die Effizienz des Nickelfarbstoffes
war dabei hoher als bekannte Werte von Nickelfarbstoffen, die keine Nahinfrarotabsorber sind.
Wir haben festgestellt, dass die Leistungsfihigkeit der Nickel- und Palladiumfarbstoffe durch
Verbesserung ihres Adsorptionsverhaltens auf TiO, und ihrer Stabilitit gegentiber dem

iodidhaltigen Redoxmediator erhoht werden kann.
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7. Appendix
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